Conceptus mortality is greatest in mammals during the periimplantation period, a time when conceptuses appose and attach to the uterine surface epithelium while releasing proinflammatory molecules. Interleukin 1 beta (IL1B), a master proinflammatory cytokine, is released by the primate, rodent, and pig blastocyst during the peri-implantation period and is believed to be essential for establishment of pregnancy. The gene encoding IL1B has duplicated in the pig, resulting in a novel gene. Preliminary observations indicate that the novel IL1B is specifically expressed by pig conceptuses during the periimplantation period. To verify this, IL1B was cloned from mRNA isolated from Day 12 pig conceptuses and compared with IL1B cloned from mRNA isolated from pig peripheral blood leukocytes (PBLs). The pig conceptuses, but not the PBLs, expressed a novel IL1B, referred to here as interleukin 1 beta 2 (IL1B2). Porcine endometrium was treated with recombinant porcine interleukin 1 beta 1 (IL1B1), the prototypical cytokine, and IL1B2 proteins. Immunohistochemistry and real-time RT-PCR were used to measure activation of nuclear factor-kappa B (NFKB) and NFKB-regulated transcripts, respectively, within the endometrium. Both IL1B1 and IL1B2 activated NFKB in the uterine luminal epithelium within 4 h. The NFKB activation and related gene expression, however, were lower in endometrium treated with IL1B2, suggesting that the conceptus-derived cytokine may have reduced activity within the uterus. In conclusion, the peri-implantation pig conceptus expresses a novel IL1B that can activate NFKB within the uterine surface epithelium, likely creating a proinflammatory microenvironment during establishment of pregnancy in the pig.
INTRODUCTION
Implantation is the most critical stage of pregnancy, during which 25%-60% of conceptuses or pregnancies do not survive [1, 2] . Inadequate or asynchronous molecular crosstalk between the conceptus and endometrium, which includes proinflammatory cytokines, is suspected to be a major contributor of implantation failure and conceptus mortality that occurs during early pregnancy [3] [4] [5] [6] .
Interleukin 1 beta (IL1B) is a master proinflammatory cytokine. It is released by the primate, rodent, and pig blastocyst and enhances establishment of pregnancy by promoting conceptus attachment to the endometrium and implantation [7] [8] [9] . The interleukin 1 (IL1) signaling system is complex. Together, the IL1 and IL1 receptor families consist of 22 [10] [11] [12] . Both IL1B and IL1RA can bind IL1RI, but only the IL1B-IL1RI complex can recruit IL1RAP [12] . Juxtapositioning of the IL1RI and IL1RAP toll/interleukin 1 receptor (TIR) domains within the cytoplasm is necessary to initiate a cascade of second-messenger protein interactions. These interactions activate nuclear factor-kappa B (NFKB), a transcription factor comprised of conserved subunits that control innate and adaptive immune responses [12, 13] . Upon activation, NFKB can enter the nucleus and regulate expression of more than 100 genes by binding kappa-B sites within the gene promoter [14] . Endometrial activation of NFKB at the time of implantation, especially the uterine epithelium, may be necessary for establishment of pregnancy in mammals [15] [16] [17] [18] [19] .
The pig conceptus increases expression of IL1B during the peri-implantation period [9, [20] [21] [22] [23] , but the function of this cytokine is unknown. At approximately Day 11 of pregnancy, the pig blastocyst becomes ovoid and then tubular before rapidly elongating into a filamentous shape. The change in morphology is believed to maximize contact between the embryo and the uterine surface for fetal-maternal nutrient exchange [24] [25] [26] [27] . The trophoblast increases expression of IL1B during elongation so that IL1B becomes one of the most abundant transcripts in the pig conceptus [20, 22] . Once trophoblast elongation is complete, expression of IL1B decreases 2000-fold [21] .
Pig conceptus IL1B likely plays a critical role in conceptus elongation and establishment of pregnancy through its effects on the uterine surface epithelium. Production of IL1B by pig conceptuses is temporally associated with increased expression of IL1RI and IL1RAP within the endometrium as well as activation of NFKB in the uterine epithelium adjacent to the conceptus [18, 21] . Porcine genomes (wild and domesticated) contain two copies of the IL1B gene on chromosome 3, referred to here as pig interleukin 1 beta 1 (IL1B1) and interleukin 1 beta 2 (IL1B2) [28] . The second IL1B likely is the result of gene duplication and is believed to be unique to the pig [28] . Based on published cDNA sequences, the original IL1B sequence (IL1B1) transcribes the prototypical cytokine expressed in immune cells, and the novel IL1B (IL1B2) is transcribed by the pig conceptus during the peri-implantation period.
In the present study, we investigated the IL1B1-IL1B2 genomic region, compared pig IL1B1 and IL1B2 transcripts, and expressed both proteins in vitro. We then tested their biological activity on pig alveolar immune cells and endometrium to assess activation of the transcription factor NFKB. Activation of target genes in endometrium in response to each cytokine was also measured.
MATERIALS AND METHODS

General Procedures
Animals. All procedures used in the present study were approved by the University of Missouri-Columbia Institutional Animal Care and Use Committee and in accordance with specific Society for the Study of Reproduction guidelines and standards. Pigs were either Large White-Landrace crossbred or Large White-Chester crossbred. Both gilts and sows were used. When artificial insemination (AI) was performed, the pigs were checked for estrus and inseminated on the first day of estrus (Day 0) and 1 day later with fresh semen collected from a single Large White-Landrace boar. Pigs were euthanized with Euthasol (Virbac Animal Health) or electric stunning followed by exsanguination (University of Missouri abattoir). To collect elongated pig conceptuses, gilts were euthanized 12 days after AI, and the uteri were removed and placed on ice before being flushed with 20 ml of ice-cold PBS (Gibco, Life Technologies).
RNA isolation. Conceptus and adult tissues were collected, snap-frozen in liquid nitrogen, and stored at À808C until RNA extraction. One milliliter of TRIzol reagent (Invitrogen, Life Technologies) was added to the tissue (,100 mg), and total cellular RNA was isolated following the manufacturer's recommendations. Peripheral blood leukocyte (PBL) RNA was extracted using the QIAamp RNA Blood Mini Extraction Kit (Qiagen). The integrity of RNA was determined by calculating the ratio of absorbance at 260 and 280 nm (NanoDrop ND-1000; NanoDrop Technologies), followed by gel electrophoresis (0.8% agarose gel in 0.09 M Tris-borate and 0.002 M ethylenediaminetetra-acetic acid buffer with 0.5 lg/ml of ethidium bromide). The RNA was stored at À808C.
Real-time RT-PCR. The real-time RT-PCR was prepared with 1 lM of both forward and reverse primers (Table 1) , sample cDNA (see individual experiments for cDNA synthesis), and Power SYBR Green PCR Master Mix (Applied Biosystems). All samples were run in triplicate. High, medium, and low control samples (sequential 1:4 dilutions) of pooled cDNA were run in triplicate and used as a standard. Each PCR 96-well plate contained a notemplate control (water substituted for cDNA in the reaction) to ensure that no amplification occurred in samples without cDNA. The PCR was performed and fluorescence quantified using the ABI Prism 7500 Sequence Detector (Applied Biosystems). Unless specified, standard thermocycler settings consisted of an initial temperature of 508C for 2 min and a polymerase activation temperature of 958C for 10 min, followed by 40 PCR cycles consisting of melting at 958C for 15 sec and annealing and extension at 608C for 1 min. Analyses of amplification plots were performed using Sequence Detection Software (Applied Biosystems). Data from the serial dilutions of the control sample were used to calculate the amplification efficiencies (E) for the PCR targets. The equation used for the efficiency calculation was E ¼ 10
The slope refers to the slope of a linear plot of threshold cycle (C T ) values achieved by the high, medium, and low pooled cDNA standards versus the log of the dilution. The percentage efficiency (Table 1) was calculated by dividing the calculated E by 2 and then multiplying by 100 because a 100% efficient RT-PCR reaction will double the amount of product during each cycle and have E ¼ 2. Gene expression differences for the respective samples were calculated using the following equation: relative expression units ¼ E ðmean medium control CTÀmean sample CTÞ , where the medium control was the same sample in each plate (i.e., an internal control standard for between-plate normalization). DNA sequencing was done at the University of Missouri DNA Core facility.
Experiments
Cloning IL1B1 and IL1B2 cDNA. As described in General Procedures, RNA was isolated from Day 12 conceptuses. For PBL RNA, 10 ml of blood were collected from the jugular vein and into Vacutainer blood collection tubes containing acid citrate dextrose solution A (Becton, Dickinson and Company) (n ¼ 4 sows). Blood was placed on ice, and within 30 min, RNA was isolated from PBLs (see General Procedures). For cDNA, 1-3 lg of RNA were reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Forward and reverse primers were designed to amplify full protein-coding length IL1B1 and IL1B2 transcript sequences from PBL and conceptus cDNA, respectively (Fig. 1) . The primer sequences were derived from pig genomic sequences and expressed sequence tags (ESTs) within GenBank. The forward primer sequences were 5 0 -CAGCCAGTCTTCATTGTTCAGGTT-3 0 for IL1B1 and 5 0 -AGGACGGCATTCTGAAGGAA-3 0 for IL1B2. A common reverse primer was used (5 0 -ATCTAGGGAAGACAGCTGGGCAT-3 0 ). The PCR reactions (20 ll) were performed using the Jumpstart REDTaq DNA Polymerase (Sigma-Aldrich). The thermocycler settings for PCR consisted of 34 cycles of 30 sec of melting at 948C and 30 sec of annealing at 608C, followed by a 1-min extension at 728C (Eppendorf Mastercycler). The PCR products for IL1B1 and IL1B2 were ligated into the pCR 2.1-TOPO cloning vector using the TOPO TA Cloning Kit (Invitrogen, Life Technologies). Douglas Hanahan 5a Escherichia coli cells were transformed with the ligated vectors following the manufacturer's instructions. Three and four cDNA clones for IL1B1 and IL1B2, respectively, were DNA sequenced and aligned using the BLAST program (National Center for Biotechnology Information [NCBI]) against pig genomic sequences and ESTs. The IL1B1 and IL1B2 cDNA and corresponding amino acid sequences were aligned against one another using the NCBI's blastn and blastp programs to determine percentage homology (see Supplemental Figure S1 [available online at www.biolreprod. org] and Fig. 1 ). The percentage of identical amino acids within the pro region was compared with the percentage of amino acids in the mature region of IL1B1 and IL1B2 using the chi-square test. Significance was declared at P , 0.05.
Ribonuclease protection assays. A ribonuclease protection assay (RPA) was used to differentially detect IL1B1 and IL1B2 transcripts in PBL and conceptus RNA. Two RPA probes were designed to anneal specifically to either IL1B1 or IL1B2 within the 5 0 region of the mRNA (see Supplemental  Fig. S1 ). Forward and reverse primers were designed to PCR amplify 196 and 205 bp of the 5 0 region of IL1B1 and IL1B2, respectively. Forward primer sequences were 5 0 -CAGCCAGTCTTCATTGTTCAGGTT-3 0 for IL1B1 and 5 0 -AGGACGGCATTCTGAAGGAA-3 0 for IL1B2. A common reverse primer was used (5 0 -AGATTTGCAGCTGGATGCTC-3 0 ). The PCR reactions were identical to the reactions described previously. The PCR products were ligated into the pCR 4-TOPO vector using the TOPO TA Cloning Kit. The ligated vectors were cloned into TOP10 E. coli cells following the manufacturer's instructions. The IL1B1 and IL1B2 plasmids were amplified, isolated, and then DNA sequenced to verify the respective sequences. Plasmids were linearized, and the 32 P-labeled antisense RNA probes were synthesized from the cloned sequences using the MAXIscript In Vitro Transcription Kit (Ambion, Life Technologies) following the manufacturer's recommendations. The radiolabeled RNA probes were used for the RPA with the RPA III Kit (Ambion, Life Technologies) and following the manufacturer's instructions. Twenty micrograms of total Torula yeast (hybridization negative control) as well as RNA isolated from PBLs and elongating conceptuses were tested. A 32 P-labeled RNA Century Marker (100-500 bp; Life Technologies), undigested probe, and samples were electrophoresed for 1 h at 250 V through a 6% polyacrylamide gel. The gel was dried and then exposed to autoradiography film (Eastern Kodak Company) for short or extended periods of time to visualize intense as well as faint signals. Composite images from a single experiment were created using the Microsoft Office computer program.
Real-time RT-PCR for IL1B1 and IL1B2 in adult pig tissues. To collect adult pig tissues, a cycling Large White-Chester and a Large WhiteLandrace crossbred gilt, approximately 6 mo of age, were euthanized by electric shock at the University of Missouri animal slaughter facility. Esophageal smooth muscle, central nervous system (brain [frontal lobe] and spinal cord), ovary, endometrium, adipose tissue, skin, thyroid gland, hypothalamus, liver, lung, heart, spleen, kidney, and small intestine were collected from both pigs and immediately snap-frozen in liquid nitrogen before being stored at À808C until RNA extraction. The uterine horns of two Large White-Landrace gilts at 12 d after AI were flushed with ice-cold PBS to collect elongated pig conceptuses. Conceptuses were immediately snap-frozen in liquid nitrogen and stored at À808C until RNA extraction (see General Procedures). The RNA was stored at À808C before reverse transcription of 3 lg of pig adult tissue and conceptus RNA using the HighCapacity cDNA Reverse Transcription Kit. Gilt cDNAs were mixed for each tissue, and transcripts for IL1B1 and IL1B2 were measured by real-time RT-PCR using the same primers developed for RPA experiments (see above). The real-time RT-PCRs were prepared with 1 lM of both forward and reverse primers and 1 ll (60 ng RNA equivalent) of cDNA sample using Power SYBR Green PCR Master Mix (Applied Biosystems). The realtime RT-PCRs and calculations of changes in gene expression were performed as described above in General Procedures.
Preparation of protein expression plasmids. Forward and reverse primers were designed to amplify cDNA sequences corresponding to pro-IL1B1 and pro-IL1B2 proteins from sequences previously cloned in the pCR 2.1-TOPO plasmid (see Supplemental Fig. S1 ). The forward primers were designed with a 4-bp extension at the 5 0 end to allow ligation into the expression plasmid (Champion pET Directional TOPO Expression Kit; Invitrogen, Life Technologies). The forward primer sequences were 5 0 -CACCATGGCCATAGTACCT GAACCC-3 0 and 5 0 -CACCATGGCCACGGTACCTGAACCT-3 0 for pro-IL1B1 and pro-IL1B2, respectively. A common reverse primer was used (5 0 -TTAGGGAGAGAGGACTTCCATGGT-3 0 ). To amplify the pro sequences, 1 ng of the pCR 2.1-TOPO plasmid DNA and Jumpstart REDTaq DNA polymerase was used in a 20-ll reaction. For both pro-IL1B1 and pro-IL1B2, the thermocycler settings consisted of 40 cycles of 30 sec of melting at 988C and 30 sec of annealing at 608C, followed by a 1-min extension at 728C. The PCR products were DNA sequenced to verify the correct sequences. Products were then ligated into the pET100/D-TOPO expression plasmid supplied in the Champion pET Directional TOPO Expression Kit following the manufacturer's recommendations.
The previously isolated pro-IL1B1 and pro-IL1B2 pET100/D-TOPO expression plasmids were used as templates to create the mature (mat)-IL1B1 and mat-IL1B2 expression plasmids. The forward primer sequences were 5 0 -GCCAACGTGCAGTCTATGGAGTGC-3 0 and 5 0 -GCCACCCCCGTGCAG TCCGTGGAC-3 0 for the mat-IL1B1 and mat-IL1B2 expression plasmids, respectively. A common reverse primer, corresponding to base pairs 381-404 of the pET100/D-TOPO expression plasmid, was used (5 0 -GGTGAAGGG ATGATCCTTATCGTC-3 0 ). The PCR products were purified using the 
NOVEL PIG CONCEPTUS IL1B ACTIVATES UTERINE NFKB
QIAquick PCR Purification Kit (Qiagen), and the blunt ends were phosphorylated and ligated together. TOP10 E. coli cells were transformed with the four expression vectors (pro-IL1B1, pro-IL1B2, mat-IL1B1, and mat-IL1B2) and plated on Luria broth (LB) agar plates containing ampicillin (100 lg/ml). The cells were incubated overnight at 378C before single colonies were picked and grown overnight in 4 ml of LB containing ampicillin (100 lg/ml) while shaking at 358C. The plasmid DNA was then isolated, phenolchloroform extracted, and DNA sequenced to verify correct plasmid sequence.
Expression of IL1B1 and IL1B2 recombinant proteins. Recombinant proteins were expressed and purified according to instructions provided by the Champion pET Directional TOPO Expression Kit and Ni-NTA Fast Start Kit (Qiagen). A 50-ll aliquot of BL21 Star E. coli cells was transformed with 5-10 ng of expression plasmid DNA. An expression control supplied with the Champion kit was used to express beta-galactosidase (BGal). After transformation, 250 ll of SOC (super optimal broth with catabolite repression) medium were added to each E. coli aliquot, and cells were incubated while shaking for 30 min at 378C. The entire culture was then added to 10 ml of LB containing 100 lg/ml of ampicillin, and cells were incubated overnight while shaking at 378C. The next day, 250 ml of LB containing 100 lg/ml of ampicillin were inoculated with the 10 ml of culture and incubated while shaking for 60 min at 378C. To induce expression, isopropylthio-betaglactoside was added to each culture at a final concentration of 1 mM, and cells were allowed to incubate while shaking for 5 h at 378C. After induction, cells were harvested by centrifugation at 4000 3 g for 10 min, and pellets were frozen at À208C. Cell pellets were then thawed and lysed and the soluble proteins captured using the Ni-NTA column. To verify protein expression, the eluted proteins were electrophoresed through a NuPAGE 4%-12% Bis-Tris Gel (Invitrogen, Life Technologies) at 200 V and 125 mA for 60 min and stained with Coomassie blue. Western blot analysis, using the Advance Western Blotting Detection Kit (GE Healthcare Life Sciences) and antibodies against porcine IL1B (PP425; Thermo Scientific) and His Tag (A00174; GenScript), was performed to verify expression of IL1B proteins. Dialysis of the eluted protein solution was used to remove small contaminants (Pierce, Thermo Scientific), and proteins were electrophoresed and stained with Coomassie blue for visualization. A BCA assay (Pierce; Thermo Scientific) was conducted to measure the concentration of BGal (control protein) and IL1B proteins. Glycerol (Sigma-Aldrich) was then added to the protein at a 1:2 ratio before freezing at À208C.
Treating alveolar cells with recombinant IL1B1 and IL1B2. Alveolar cells were collected by lung lavage with ice-cold PBS from a crossbred gilt immediately after euthanasia. The trachea was exposed after a ventral incision through the neck. Approximately 5 cm of rubber tubing with an outside diameter of 20 mm and an inner diameter of 10 mm were fed caudally between two tracheal rings into the trachea. The trachea was fastened to the tubing before approximately 1.5 L of PBS was forced into the lungs using a syringe attached to a stopcock. The PBS backflow containing alveolar cells was collected into a sterile container and placed on ice. Cells were filtered through a Falcon 100lm Cell Strainer (BD Falcon) and centrifuged at 2000 3 g for 10 min. The cells were resuspended in PBS and seeded onto sterile cover slips within six-well plates. The alveolar cells where allowed to adhere to the coverslips for 2 h at 378C in an atmosphere of 5% carbon dioxide in air. Afterward, cells were washed with PBS and incubated for an additional 6 h in Dulbecco modified Eagle medium (DMEM; Gibco, Life Technologies) with 1% fetal bovine serum (FBS) before new medium was added containing recombinant proteins. Cells were either left untreated (DMEM/FBS alone; nontreated; negative control) or treated with lipopolysaccharide (LPS; 1 lg/ml; positive control), recombinant BGal (expression/protein negative control), human mat-IL1B (rhil-1b 10319-mm; InvivoGen), pig pro-IL1B1, pig pro-IL1B2, pig mat-IL1B1, or pig mat-IL1B2 cytokines (50 ng/ml) in 3 ml of DMEM/FBS for 4 h at 378C and 5% carbon dioxide in air. Experiments were done in duplicate.
Alveolar cells were washed with PBS and fixed in 10% buffered formalin phosphate for 10 min following treatment. The cells were then permeated with 0.1% Triton X-100 (Sigma) in PBS for 10 min and blocked with 5% goat serum in PBS for 1 h at 378C. After blocking, a rabbit anti-human primary antibody, directed against the RelA/p65 subunit of NFKB (sc-372; Santa Cruz Biotechnology), was added to the cells at 0.4 lg/ml in PBS containing 1.5% goat serum. The cells were incubated overnight in the antibody solution at 48C. The next day, cells were washed with PBS before a fluorescently labeled (Alexa Flour 488) goat anti-rabbit secondary antibody (A11034; Life Technologies) was added to the cells at 5 lg/ml in PBS (1.5% goat serum) for 45 min at room temperature. Negative-control slides were prepared using preimmune rabbit serum in place of the primary antibody or in the absence of the secondary antibody. To localize alveolar cell nuclei, DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; 300 nM; D-1306; Life Technologies, Molecular Probes) in PBS for 5 min. The coverslips, containing alveolar cells, were then washed with PBS before being mounted onto frosted white microscope slides with Mowiol (Sigma Aldrich). Treatments applied to specific cover slips were blinded, and pictures of the cells were taken in nine random locations on the slide at 2003 and 4003 using a microscope equipped with fluorescence illumination.
Treating porcine endometrium with recombinant IL1B1 and IL1B2. Endometrium was collected from three gilts on Day 12 after estrus. The endometrium was dissected away from the myometrium and washed with icecold PBS containing 2% antibiotic-antimycotic (ABAM;
while on a rocking device in an atmosphere consisting of 47.5% nitrogen, 5% carbon dioxide, 21% oxygen, and balanced air [29, 30] . After incubation, spent medium was removed, and the tissue was left untreated in three wells (modified MEM, nontreated; negative control; wells 1-3) or treated with a low, medium, or high dose of LPS (1, 10, or 100 lg/ml, respectively; positive control); BGal (expression negative control); or human mat-IL1B, pro-IL1B1, pro-IL1B2, mat-IL1B1, or mat-IL1B2 at either 10, 100, or 1000 ng/ml in 3 ml of modified MEM at 378C for 4 h. The experiment was done in duplicate for each gilt. The tissue remained on a rocking device under positive gas pressure during treatment (see above). After treatment, tissues from each well were fixed in 10% buffered formalin phosphate for immunohistochemistry or snap-frozen in liquid nitrogen before storage À808C for RNA extraction.
Immunohistochemistry for uterine epithelial NFKB. The following protocol was previously described by our laboratory [18] . Formalin-fixed endometrium was sectioned (thickness, 5 lm) and mounted onto frosted white microscope slides before the tissue was deparaffinized and rehydrated. Epitope retrieval was achieved by boiling slides for 6 min in 0.01 M sodium citrate buffer. Slides were allowed to cool for 45 min before being incubated overnight at room temperature in 500 ll of a rabbit anti-human polyclonal antibody, directed against the p65 subunit of NFKB (sc-372; Santa Cruz Biotechnology), diluted to 2 lg/ml in PAT (0.001% Tween 20 and 0.001% sodium azide in 1.0% PBS) solution. The next day, slides were placed in PBS for 30 min before adding 500 ll of a fluorescent labeled (Alexa Flour 488) goat anti-rabbit secondary antibody (A11034; Life Technologies) at a dilution of 5 lg/ml in PAT solution. Slides were incubated at room temperature with the secondary antibody for 70 min before resubmerging them in PBS. The secondary antibody/PAT solution was incubated with a washed bovine liver powder for 1 h at 378C to reduce background fluorescence. Cover slips were then mounted over the uterine tissue with Mowiol, and the slides were refrigerated at 48C overnight in the dark. Two negative-control slides were made using preimmune rabbit serum in place of the primary antibody or PBS in place of the second antibody. Cell DNA was stained with DAPI in PBS for 15 min to localize uterine luminal epithelial (LE) cell nuclei. Treatments on the slides were blinded, and five images were taken of the uterine LE at random locations at 2003 and 4003.
Evaluation of NFKB activation. Immunofluorescence was used to localize NFKB in porcine alveolar and uterine LE cells treated with LPS or recombinant cytokines. NFKB was considered to be activated when the cell nuclear fluorescence was equal to or greater than that of the cytoplasm. Endometrial RNA isolation, RT, and real-time RT-PCR. A 100-mg sample of the treated, Day 12 cyclic endometrium was used for total cellular RNA isolation (see Treating porcine endometrium with recombinant IL1B cytokines and General Procedures). The RNA was stored at À808C before RT of 5 lg of total cellular RNA using the High-Capacity cDNA Reverse Transcription Kit. Primer sets for prostaglandin-endoperoxidase synthase 2 (PTGS2), salivary lipocalin 1 (SAL1), integrin beta 3 (B3), integrin alpha v (AV), IL1B1, IL1RI, inhibitor of nuclear factor-kappa B alpha (IKBA), ribosomal protein L7 (RPL7), and beta-actin (ACTB) were designed based on porcine nucleotide sequences ( Table 1) . The cDNA was diluted 1:10, and a PCR gradient was developed for each primer set. The real-time RT-PCRs were prepared with 1 ll (10 ng RNA equivalent) of the diluted cDNA sample. Thermocycler settings were the same as described in General Procedures for all amplifications with the exception of IKBA and PTGS2.
MATHEW ET AL.
For IKBA, annealing was modified to 678C, and for PTGS2, annealing and extension were modified to 678C for 40 sec. The products were DNA sequenced to verify amplification of the target sequence. The analysis of gene expression by RT-PCR was performed as described in General Procedures. Changes in gene expression were normalized to the geometric mean of control genes RPL7 and ACTB.
Statistical Analysis of NFKB Activation and Endometrial Gene Expression
A general linear model (GLM) procedure within the Statistical Analysis System (SAS; SAS Institute, Inc.) was used to analyze the percentage of activated alveolar cells after rank transformation. The data were ranktransformed to control for inherent variation. The model statement included an effect of replicate and treatment. Significance was declared at P , 0.05. A Duncan multiple-range test was used (P ¼ 0.05) to test for differences between treatment means for the transformed data. A mixed-models procedure (PROC MIXED) within SAS was used to analyze the IOA in uterine LE cells and relative expression units for total endometrial gene expression. For the IOA and gene expression data, the model statement included an effect of treatment, concentration, and the treatment 3 concentration interaction. For the analysis, replicate was nested within pig using the RANDOM statement. A Bartlett test was used to test for homogeneity of the variance for the expression data. When heterogeneous variance was encountered, the data were log 10 transformed. Data are presented as the nontransformed least squares mean (LSM) 6 SEM. A significant difference was declared at P , 0.05.
RESULTS
Porcine PBL IL1B1 and Conceptus IL1B2 Homology
Porcine PBL IL1B1 and conceptus IL1B2 cDNA were 984 and 977 bp, respectively, in length. The sequences were 93% identical at the nucleic acid level (see Supplemental Fig. S1 ). The predicted amino acid sequences for IL1B1 and IL1B2 were similar in length (267 amino acids) (Fig. 1) and 85% identical. Within the pro region, the amino acid sequences were 78% identical and less homologous (P , 0.01) compared with the mature region of the peptide (92% identical). Homology was 100% from amino acid 204 to the end of the sequences (amino acid 267) (Fig. 1) .
Expression of IL1B1 and IL1B2
Ribonuclease protection assays detected IL1B1 in PBL but not in elongated pig conceptus RNA (Fig. 2A) . The opposite was true for IL1B2, transcripts of which could be detected in pig conceptus but not in PBL RNA (Fig. 2B) . RT-PCR for 
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IL1B1 and IL1B2 in the central nervous system, ovary, endometrium, adipose tissue, thyroid, hypothalamus, liver, spleen, kidney, lung, smooth muscle, and heart confirmed that IL1B1 was expressed in adult tissues but that IL1B2 was expressed only in the conceptus (Fig. 3) .
Activation of NFKB in Alveolar Cells
Treating alveolar cells with LPS and recombinant IL1 cytokines increased the percentage of activated cells (transformed data; treatment; P , 0.05) (Fig. 4) . Alveolar cells treated with mat-IL1B2 and LPS had a greater percentage of activated cells compared with nontreated and BGal-treated cells (P , 0.05).
Activation of NFKB in Uterine LE Cells
Treating porcine endometrium with increasing doses of LPS and recombinant IL1 cytokines for 4 h increased the uterine LE cell intensity of staining for NFKB activation (IOA), and the effect depended on treatment and dose concentration (treatment 3 concentration interaction, P , 0.01) (Fig. 5) . Across all doses, endometrium treated with pig mat-IL1B1, LPS, human mat-IL1B, and mat-IL1B2 had a greater IOA in LE cells compared with nontreated and BGal-treated endometrium (P , 0.05) (Fig. 5 ). Tissue treated with pig mat-IL1B1 had the greatest uterine LE-IOA (P , 0.05) (Fig. 5) . 
Endometrial Transcripts in Response to Recombinant IL1 Cytokines
IL1B1 and IL1RI. The endometrial IL1B1 expression data were highly variable; therefore, the data were log 10 transformed to eliminate heterogeneous variance. An effect of treatment (P , 0.001) and of concentration (P , 0.001) on endometrial IL1B1 expression was found ( Table 2) . Expression of IL1B1 increased with concentration (data not shown). Treating endometrium with LPS for 4 h had the greatest affect on IL1B1, resulting in greater expression compared to all other treatments (P , 0.001) ( Table 2 ). Treating endometrium with increasing concentrations of LPS or mat-IL1B2 affected total endometrial expression of IL1B1. Expression of IL1BI was greater in endometrium treated with a high concentration compared to endometrium treated with a medium concentration of mat-IL1B2 (P , 0.05; data not shown). A similar but a less significant effect was observed for LPS (P ¼ 0.09; data not shown). Treating endometrium with LPS or recombinant IL1 cytokines for 4 h had no effect on endometrial IL1RI.
PTGS2 and IKBA. Treating endometrium with LPS and recombinant IL1 cytokines affected total endometrial PTGS2 and IKBA expression within 4 h. The PTGS2 expression data were highly variable; therefore, the data were log 10 transformed. For endometrial PTGS2, an effect of treatment (P , 0.001) was found ( Table 2 ). Endometrium treated with LPS and pig mat-IL1B1 had a greater abundance of PTGS2 transcripts compared with all other treatments (P , 0.05 for all comparisons) ( Table 2) . No difference in BGal control and mat-IL1B2-treated endometrium was found for PTGS2 expression. However, treating endometrium with increasing concentrations of mat-IL1B1 or mat-IL1B2 affected total endometrial expression of PTGS2. Expression of PTGS2 was greater in endometrium treated with a high concentration compared with endometrium treated with a low or medium concentration of mat-IL1B2 (P , 0.05) (Fig. 6D ).
An effect of treatment (P , 0.001) and of concentration (P , 0.001) on endometrial IKBA was found ( Table 2 ). The IKBA increased with concentration (data not shown). Endometrium treated with LPS had greater IKBA expression compared with all other treatments (P , 0.001). Endometrium treated with pig mat-IL1B1 had greater IKBA expression compared with control (BGal) treated endometrium (P , 0.001) ( Table 2) . Similar to PTGS2, no significant difference in IKBA expression was found between BGal-and mat-IL1B2-treated endometrium. However, treating endometrium with increasing concentrations of LPS or mat-IL1B2 affected total endometrial expression of IKBA. In endometrium treated with LPS, expression of IKBA increased with concentration (1 lg/ml vs. 100 lg/ml, P , 0.05) (Fig. 6E) . Similar to PTGS2, transcripts for IKBA were greater in endometrium treated with a high concentration compared to endometrium treated with a low or medium concentration of mat-IL1B2 (P ¼ 0.0591 and P , 0.05, respectively) (Fig. 6H) .
B3, AV, and SAL1. Treating endometrium with LPS and recombinant IL1 cytokines affected total endometrial B3 but not AV integrin expression within 4 h of treatment. An effect of treatment (P , 0.001) and of concentration (P , 0.01) on endometrial B3 was found (Table 2) ; B3 increased with concentration (data not shown). Compared with all other treatments, endometrium treated with pig mat-IL1B1 had the greatest B3 expression (P , 0.01) ( Table 2 ). Neither pro-nor mat-IL1B2 had an effect on endometrial B3. Treating endometrium with increasing concentrations of mat-IL1B1 affected total endometrial expression of B3. Expression of B3 was greater in endometrium treated with a medium concentration compared to endometrium treated with a low or a high concentration of mat-IL1B1 (P , 0.01 and P ¼ 0.0598, respectively) (Fig. 6K) . No effect of treatment or concentration on endometrial SAL1 was found.
DISCUSSION
We tested the capacity of IL1B2, a novel pig conceptus IL1, to activate NFKB within the uterine LE. Major findings were 1) that IL1B2, rather than IL1B1, is expressed by the elongating pig conceptus on Day 12 of development; 2) that IL1B2 is not expressed by pig PBLs or other adult tissues; 3) that recombinant IL1B2 can activate NFKB in pig alveolar macrophages and uterine surface epithelium, in what would be adjacent to the elongating pig conceptus; and 4) that within pig endometrium, IL1B2 may have reduced activity compared with blood leukocyte IL1B1. Similar to the primate and rodent conceptus, we report that elongating pig conceptuses express an IL1B that can directly affect the endometrium by activating NFKB within the uterine surface epithelium [7, 17] . Activation of NFKB within the uterine epithelium may enhance uterine receptivity and development of the early pig conceptus during establishment of pregnancy.
A master proinflammatory cytokine, IL1B is released by blood monocytes, macrophages, skin dendritic cells, and brain microglia and can modulate innate and adaptive immune processes [12, 31] . During infection, IL1B acts as an endogenous pyrogen, inducing fever that likely stimulates a-e Different letters indicate significant differences (P , 0.05) between treatment LSMs. f P-value for treatment (T), concentration (C), and treatment 3 concentration interaction (T 3 C). Not significant (NS) was considered to be P . 0.10. g The IL1B1 and PTGS2 data are the untransformed means, but the reported statistical tests are for log 10-transformed data. The log 10 transformation eliminated heterogeneous variance.
NOVEL PIG CONCEPTUS IL1B ACTIVATES UTERINE NFKB leukocyte proliferation and migration [12, 31, 32] . When released by macrophages onto blood vessels, IL1B increases endothelial cell adhesion molecule expression and permeability, thus allowing PBLs to bind, extravasate, and migrate into infected tissues [33] [34] [35] . IL1B, however, is pleotropic when bound to the IL1RI and can influence the biology of many different cell types, including those involved in mammalian reproduction. For instance, IL1B is secreted by the primate, rodent, and pig blastocyst and is believed to initiate communication between the conceptus and endometrium for implantation. IL1B is thought to promote conceptus development by increasing uterine epithelial adhesion molecules, trophoblast invasion, vascular permeability, and endometrial leukocyte activity [7, 21, [36] [37] [38] . Vandenbroeck et al. [39] were the first to suggest that an alternate IL1B sequence existed within the pig genome. Later, Tuo et al. [9] detected expression of an IL1B in elongating pig conceptus, a study that was followed up by Ross et al. [21] , who suggested that the pig conceptus expressed an alternate IL1B transcript. Sequencing and assembly of the porcine genome confirmed the presence of a second IL1B gene, unique to pig [28] . The RPA (Fig. 2) and RT-PCR data support the conclusion that pig conceptuses express this unique form of IL1B, a gene that we call embryonic IL1B or IL1B2. During the present experiments, we could not detect expression of IL1B2 in blood leukocytes (Fig. 2) or adult tissues (Fig. 3) , suggesting that expression of IL1B2 may be exclusive to the pig conceptus.
The IL1B1-IL1B2 genomic region in pigs has not been completely sequenced, perhaps because the two highly homologous sequences make sequence assembly difficult. The gene encoding IL1B2 appears to be a duplication of IL1B1. Both genes consist of seven exons and transcribe nucleic acid sequences that are 93% similar (see Supplemental Fig. S1 ). Compared with IL1B1, a gene that spans nearly 7 kb, IL1B2 has one insertion and two deletions of genomic sequence within its original proximal promoter region (Fig. 7) . As a result, the IL1B2 gene spans approximately 16.5 kb, transcribing an alternate exon 1 that is further upstream of exon 2 compared with IL1B1. Reconfiguration of the IL1B2 promoter region may have changed its transcriptional regulation. This could partially explain why IL1B2 is expressed by pig conceptuses but not by leukocytes or other adult tissues that commonly express IL1B1. Comparison of full-length IL1B1 and IL1B2 cDNA revealed that the 5 0 region is the least homologous, particularly within exon 1 (see Supplemental Fig.  S1 ), making it relatively easy to discriminate between the two genes during RNA or DNA analysis (Fig. 2) .
The IL1B mRNAs are first translated into proproteins that are later cleaved by caspase-1 (CASP1), a protease, into mature functional cytokines. Like pro-IL1B1 cloned from pig blood leukocytes, the pig conceptus IL1B2 cDNA sequence encodes a 267 amino acid protein with a predicted molecular weight (MW) of approximately 30 kDa. When we compared the pro-IL1B1 and pro-IL1B2 protein sequences, they were 85% identical (Fig. 1) . Based on human IL1B protein sequences and published pig sequences within GenBank, CASP1 cleaves the pro region of pig IL1B1 in two sequential locations (Asp 27 and Gly 28 followed by Asp 114 and Ala 115 ), forming a mature, functional cytokine with a MW of approximately 17.5 kDa (Fig. 1) [40] . These amino acids are conserved within pro-IL1B2, and translation of the ''mature'' IL1B2 sequence corresponds to a similar MW (17.5 kDa) [41] . A number of amino acids differed between pig pro-IL1B1 and pro-IL1B2, however, immediately upstream of the second protease cleavage site. A proline has also been inserted two amino acids downstream of this location in IL1B2. Based on these differences, classical CASP1 activity may not be the same for these two cytokines and/or other proteases may be involved in the processing of pro-IL1B2 [41] . Indeed, human pro-IL1B can be cleaved by proteases other than CASP1 [10, 33, 42, 43] . When we compared the pro and mature regions of IL1B1 and IL1B2 based on classic CASP1 activity, the cytokines were less homologous within the pro (78%) and more homologous within the mature (92%) region of the proteins (Fig. 1) . This was not surprising as all amino acids involved in binding and activation of the IL1RI are located within the mature region of IL1B. Interestingly, compared with mature IL1B1, two nonconserved amino acid substitutions in IL1B2 (amino acids 129 and 139) are believed to be involved in IL1RI binding. These substitutions include exchanges of a histidine and methionine residues (positively charged and hydrophobic side chains, respectively) with negatively charged glutamate residues (Fig.  1) . When Katebi et al. [41] compared the computationally predicted protein structure of IL1B2 with IL1B1, they concluded that amino acid substitutions within this region could affect the activity of IL1B2.
Maximal expression of IL1RI and IL1RAP in pig endometrium is temporally associated with conceptus elongation and expression of IL1B2 [9, 21, 22] . Similar to IL1B in humans and mice, binding of IL1B2 to endometrial IL1R1 may prepare the uterus for implantation by activating NFKB and modulating endometrial gene expression. Within the endometrium, Ross et al. [44] detected an increase in mRNA for NFKB1 and p65 subunits of NFKB between Days 5 and 15 of the estrous cycle and pregnancy that was temporally associated with implantation. Using immunohistochemistry, they detected greater nuclear localization (activation) of the p65 subunit of NFKB within the LE on Days 12 and 13 of pregnancy compared with the estrous cycle. The activation of NFKB was temporally associated with conceptus expression of IL1B2 [44] . In the present study, treating pig endometrium with increasing concentrations of mat-IL1B1 or mat-IL1B2 activated the p65 subunit of NFKB in the uterine epithelium within 4 h (Fig. 5) . Activation of NFKB within the uterine LE was greatest in response to mat-IL1B1, indicating that this cytokine has greater proinflammatory activity within the endometrium. Although we did not specifically measure activation within the glandular epithelium, the number of cells with nuclear NFKB appeared to decrease from the surface epithelium to the deeper glandular epithelium in response to the mature cytokines (data not shown). A similar response was observed by Mathew et al. [18] , who detected activation of NFKB in Day 12 pregnant pig uterine epithelium specifically adjacent to elongating pig conceptuses.
We measured transcripts that are regulated by IL1B or NFKB in the mammalian endometrium. Of these, PTGS2 (also referred to as COX2, a rate-limiting enzyme involved in the synthesis of prostaglandins) is known to increase within the mammalian endometrium during implantation and is believed to be essential for successful pregnancy [45] [46] [47] . As part of a negative-feedback loop, NFKB also regulates expression of IKBA, an inhibitor protein that sequesters NFKB in the cell cytoplasm until activation is signaled [14, 48] . Interestingly, on Day 12 of pregnancy in the pig, a time when elongating pig conceptuses release peak concentrations of IL1B2 and locally activate NFKB within the uterine surface epithelium, no increase in total endometrial PTGS2 or IKBA expression is detectable [18, 44, [49] [50] [51] .
When we treated cyclic pig endometrium for 4 h with LPS or recombinant mat-IL1B1, we detected an increase in total endometrial transcripts for PTGS2 and IKBA (Table 2) . For endometrium treated with mat-IL1B2, the expression of PTGS2 and IKBA increased in response to the highest dose (1000 ng/ ml) of this protein (Fig. 6, D and H) . The deletion of the pro domain during expression of the mature protein may have altered the activity of mat-IL1B2. CASP1 cleavage of pro-IL1B is considered to be important for proper folding of mature protein [40] . Alternatively, we suggest that conceptus-produced mat-IL1B2 has a lesser capacity to activate NFKB within the endometrium compared with mat-IL1B1 (Fig. 5) and, therefore, lower doses of IL1B2 are unable to increase total endometrial expression of NFKB-responsive genes (PTGS2 and IKBA) within 4 h of treatment (Table 2 ). This may explain why an increase of some NFKB-responsive transcripts has not been detected at the time of elongation in total endometrium of pregnant pigs. Endometrium proximal to the elongating pig blastocyst may have NFKB-responsive genes increase in response to a local paracrine mechanism involving IL1B2. NFKB was strongly activated within the luminal and surface glandular epithelial cells directly adjacent to conceptus tissues during elongation [18] . Other factors released by the pig conceptus are hypothesized to have local rather than global effects within the endometrium. For example, conceptus estrogens and cytokines interferon gamma and interferon delta fall into this category [52] [53] [54] [55] .
Similar to pigs, the primate and rodent conceptus releases IL1B during implantation. The IL1B increases AV and B3 NOVEL PIG CONCEPTUS IL1B ACTIVATES UTERINE NFKB integrin subunits within the uterine epithelium and enhances endometrial affinity for the blastocyst [7] . In pig endometrium, AV and B3 integrins are highly expressed during implantation, and their expression is believed to be important for placental attachment and development [56] [57] [58] [59] . Although total endometrial transcripts for AV did not change in the present study, we detected an increase in B3 in response to LPS and mat-IL1B1. The increase in B3 may be a conserved mechanism that persists within the endometrium of primates, rodents, and domesticated pigs in response to IL1B (Table 2 ). We did not detect an increase in total endometrial B3 in response to mat-IL1B2, again indicating that this cytokine has less activity within the pig endometrium compared with IL1B1.
We tested the capacity of mat-IL1B1 and mat-IL1B2 to activate NFKB using pig alveolar leukocytes before we performed our studies of the pig endometrium. Surprisingly, we did not detect activation of NFKB in alveolar cells treated with mat-IL1B1; however, at the same concentration, mat-IL1B2 increased nuclear translocation of NFKB in these cells (Fig. 4) . We have not investigated the mode of IL1B2 signal transduction within the endometrium or in alveolar cells, which are considered to be at least 90% alveolar macrophages in adult pigs [60] . The unique interaction of IL1B2 with various components of the IL1 system, such as IL1RI, IL1RII (an IL1 mock receptor), or IL1R accessory proteins, or the interaction of IL1B2 with factors outside the IL1 system could provide an explanation for the tissue-dependent responses we observed during our investigation.
The mammalian conceptus creates a proinflammatory uterine environment within the endometrium during the peri-implantation period. This environment is believed to enhance uterine receptivity and implantation, thereby promoting survival of the conceptus in utero. The pig genome contains an expressed novel IL1B gene (IL1B2) that does not exist in other mammals. Based on our findings and evidence provided by other laboratories, IL1B2 (rather than IL1B1) is expressed by the pig conceptus before implantation. We found that IL1B1 has greater activity within the endometrium compared with IL1B2 but, nonetheless, IL1B2 has the capacity to activate NFKB within the uterine LE. We propose that as the pig conceptus expands its trophoblast and elongates over the uterine surface, it releases IL1B2 onto the adjacent uterine LE. The release of IL1B2 likely initiates a controlled proinflammatory microenvironment within the maternal tissues to promote establishment of pregnancy. Expression of IL1 receptors within the elongating conceptus and the synchronous pattern for which IL1B2 is expressed during elongation suggest that IL1B2 may have a role in elongation and development of the early pig embryo. Future in vivo studies investigating the autocrine and paracrine effects of IL1B2 on the pig conceptus and the maternal tissues, respectively, could reveal how endogenous proinflammatory molecules function in a prosurvival manner during the peri-implantation period.
